A combined experimental-theoretical study on the temperature dependence of x-ray absorption near-edge structure (XANES) and nuclear magnetic resonance (NMR) spectra of periclase (MgO), spinel (MgAl 2 O 4 ), corundum (α-Al 2 O 3 ), berlinite (α-AlPO 4 ), stishovite and α-quartz (SiO 2 ) is reported. Predictive calculations are presented when experimental data are not available. For these light-element oxides, both experimental techniques detect systematic effects related to quantum thermal vibrations which are well reproduced by density-functional theory simulations. In calculations, thermal fluctuation of the nuclei are included by considering nonequilibrium configurations according to finite-temperature quantum statistics at the quasiharmonic level. Nuclear quantum fluctuations on XANES and NMR spectroscopies are particularly sensitive to the coordination number of the probed cation. Furthermore, the relative importance of nuclear dynamics and thermal expansion is quantified over a large range of temperatures.
Introduction
X-ray absorption near-edge structure (XANES) and solid-state nuclear-magnetic resonance (NMR) spectroscopies are versatile probes of condensed matter. 1, 2 The combination of these two powerful techniques allows to thoroughly explore the electronic properties and local structure of materials. [3] [4] [5] Moreover, recent breakthroughs in methodology and instrumentation provide a qualitative enhancement of experimental data. [6] [7] [8] [9] [10] [11] However, the use of accurate and appropriate theoretical tools is mandatory to fully interpret experiments. [12] [13] [14] [15] [16] Most state-of-the-art simulation methods neglect nuclear degrees of freedom by assuming that atoms are fixed at their equilibrium positions. Nonetheless, even at zero temperature the influence of quantum fluctuations on nuclear motion remains as the zero-point motion, especially in the presence of light elements. At room temperature, the nuclear dynamics generates specific discrepancies between standard calculations and measurements, such as an additional pre-edge peak in the K-edge region of XANES spectra in light-element oxides 17 and inaccurate assignment of NMR resonance peaks. 18 In organic compounds, several studies already investigated the influence of atomic vibrations on XANES and NMR measurements. [19] [20] [21] [22] [23] Besides, the impact of temperature is also noticeable in inorganic materials, in XANES preedge structure, [24] [25] [26] chemical shifts, 18, 27 or electric-field gradient (EFG). 28, 29 Some attempts to theoretically model thermal effects in both spectroscopies emerged in the literature. Empirical methods based on either small displacements of the probed atom, 30 or on averages of magnetic shielding tensors along specific orientations were proposed. 31, 32 Nuclear motion may also be considered via averages along molecular dynamics trajectories. [33] [34] [35] [36] [37] This approach assumes that nuclei follow classical Newtonian trajectory of motion. Thus, it cannot describe phenomena associated to the quantum character of thermal fluctuations, which are especially relevant for light elements. Quantum thermal fluctuations may be taken into account by path integral molecular dynamics but the computational cost is an important limitation. 38, 39 Finitetemperature effects occurring in molecular crystals were successfully included via fragment-based techniques. 40, 41 In a recent paper, 26 we presented an ab-initio method, based on the density-functional theory (DFT), 42 to investigate the importance of quantum thermal vibrations in XANES and NMR spectroscopies. Following the work of Rossano et al., 43 in the quasiharmonic approximation (QHA), 44 thermal vibrations are modeled by constructing nonequilibrium structural configurations obeying the quantum statistics at finite temperature. This method was validated on MgO, 26 a highly symmetric crystal, providing results closer to experiments than previous approaches. 17, 25, 43 The current paper aims at generalizing this approach to several light-element oxides with various local cristallographic environments of the cations: periclase (MgO), spinel (MgAl 2 O 4 ), corundum (α-Al 2 O 3 ), berlinite (α-AlPO 4 ), stishovite and α-quartz (SiO 2 ). In these compounds, the probed atom is either 6-or 4fold coordinated. Temperature-dependent experimental data are presented for both techniques and are compared to calculations. In NMR, when experimental data are not available, predictive calculations are provided. Thus, the influence of quantum thermal vibrations on NMR and XANES spectroscopies is shown and the relative importance of nuclear dynamics and thermal expansion is quantified. Furthermore, the influence of vibrations in both techniques is found to be sensitive to the coordination number of the probed cations.
The paper is structured as follows. Section 2 recalls the theoretical model used thereafter and gives computational details for XANES and NMR calculations. In Sec. 3, experimental details are provided. In Sec. 4, the experimental and theoretical results are presented, firstly focusing on experimental-theoretical comparison, then discussing the sensitivity to the coordination number of the probed cation. Finally, the conclusions of this work are drawn in Sec. 5
Theoretical Approach

Quantum statistical mechanics
The influence of thermal fluctuations is described by generating nonequilibrium configurations accounting for quantum statistics at finite temperature. Given a crystal, let us consider a supercell of N nuclei, with R α i the position of the ith nucleus along the α Cartesian coordinate. For simplicity, the two indexes are contracted into a single one I such as R α i = R I , with I = {1, . . . , 3N}. Thereafter, the collective position vectors of the nuclei (R = R 1 , . . . , R 3N ) is used. Within the Born-Oppenheimer approximation the total energy E(R) of the cell is considered as a function of the nuclear positions. The lattice-dynamical properties of a crystal are determined by the dynamical matrix, which reads at the Γ point of the Brillouin zone
where M I is the mass of the Ith atom and u I is the displacement from the equilibrium position R I,(eq) (R I = R I,(eq) + u I ). The frequency Ω µ and polarization vector e I,µ of the phonon mode µ are obtained from
where ∑ I e I,µ 2 = 1. At a given temperature T , the probability P(R) of finding the crystal in the R configuration is
where A is a normalization constant, ∑ µ is the sum on the 3N − 3 modes with Ω µ = 0 and
is the normal length of the µth mode of vibration at the T temperature (k B is the Boltzmann constant). Nuclear configurations are generated by Monte-Carlo sampling of P(R).
In practice, a set of configurations is generated as follows: for each µ mode, a set of N c random Gaussian numbers (with unit variance and zero expectation) {x i µ } i=1,N c is created. The nuclear positions collective vectors R i are then given by:
As in several applications, 23, 43 the quantum statistical average at temperature T of any observable O is computed via the following expression:
In this paper, O is either the x-ray absorption cross section σ (hω), the NMR chemical shift δ or the quadrupolar coupling constant C Q . Henceforth, this model is referred to as the QHA model. For more details refer to Refs. 26,45.
Solid-state nuclear magnetic resonance
For each nucleus, the isotropic value of the magnetic shielding tensorσ is evaluated as σ iso = tr (σ ) /3. To compare with NMR experiments, the isotropic chemical shift δ iso ≈ σ ref − σ iso is considered, where σ ref is the isotropic shielding of a standard reference. The chemical shift δ (T ) at finite temperature is obtained as in eqn (6):
In the case of quadrupolar nuclei (nuclear spin > 1/2), the nuclear quadrupole electric moment Q interacts with the electricfield gradient (EFG) resulting in the quadrupolar interaction. 8 Ordering the principal values of the EFG tensorsV such as |V zz | > |V xx | > V yy , the magnitude of the quadrupolar interaction is quantified by the quadrupolar coupling constant C Q = eQ |V zz | /h, with h the Planck constant and e the elementary charge.
X-ray absorption near-edge structure
For a given R configuration, in a single-electron approach, at the K edge, the XANES cross-section in the electric dipole approximation is usually given by 46 (8) wherehω andê are the energy and polarization vector of the incident x-ray beam, respectively, r the electron position and α 0 the fine structure constant. The final |ψ f and initial |ψ 1s monoelectronic states have ε f and ε 1s for respective energies. Eqn (8) is derived by assuming that the atoms are fixed in a generic R nuclear configuration, hence σ is parametrized by R.
The rigorous expression of the cross section accounting for the total system of nuclei and electrons reads
where, r = {r 1 , . . . , r N e } is the collective position vector of the electrons, j indexes the vibrational states, the Ψ 0 g ground-state and Ψ j f final state of the electrons plus nuclei total system and E j f is the total energy in the f and j electronic and vibrational states, respectively.
In Ref. 26 , we demonstrated that σ tot (hω) can be expressed in the Born-Oppenheimer approximation, in a single-electron framework, as an average at the cost of neglecting the nuclear kinetic energy, by σ tot (hω) = dR P(R)σ (hω; R).
In eqn (10), σ tot is the average of individual configuration cross sections σ (hω; R), given by eqn (8), using a probability distribution that takes into account the temperature and vibrations frequencies in a form given by eqn (6).
Computational details
Calculations are performed in the DFT framework on the six different oxides reported in Table 1 . In all cases, the equilibrium structure (crystal-cell parameters and atomic positions) is the experimental one extracted from x-ray diffraction (XRD) analysis at various temperatures (see Refs. in Table 1 ). For each temperature, phonons are calculated for the corresponding experimental 3). To quantify the relative importance of lattice dynamics with respect to thermal expansion, calculations are also performed on the experimental XRD structures, referred as to the thermal expansion only (TEO) in the following.
DFT calculations are performed using the QUANTUM ESPRESSO plane-wave pseudopotential distribution, 55 particularly the PW, PH, 56,57 XSPECTRA 58,59 and GIPAW 60,61 packages. Stochastic nuclear configurations are generated in a large-enough supercell configuration (see ESI † ) with the SSCHA code. 62, 63 Perdew-Burke-Ernzerhof implementation of the exchangecorrelation functional 64 and GIPAW reconstruction of coreelectron distributions 60, 61 are used. NMR calculations are performed using norm-conserving pseudopotentials, 65 while ultrasoft ones are chosen for phonon and XANES calculations. 66 For XANES, the absorbing atom pseudopotential is generated from an electronic configuration, from which one 1s electron is removed. Other computational details (plane-wave cut-off, electronic sampling, pseudopotential details) are gathered in ESI. † The NMR reference shieldings σ ref are chosen so that experimental and calculated values match at room temperature. To highlight the trends, we focus on the chemical shifts variations from the room-temperature: 25 Mg and 27 Al nuclei are calculated with Q values taken from Ref. 67 , by averaging individual configuration values. 68 In each configuration, the chemical shift is computed for every atom sites. The number of configurations required to converge the averaged chemical shift of about 0.1 ppm is around 10.
In XANES simulations, for each temperature, the spectra are calculated in configurations including one 1s full core-hole in a random absorbing-atom site. The absorbing atom is isolated from its periodic images by constructing a large-enough supercell. For all compounds, the number of configurations necessary to converge the XANES calculation is between 30 and 40. A corelevel shift is applied before comparing and averaging theoretical spectra as, in the pseudopotential approximation, only valenceelectrons are considered, hence the energy scale loses its physical meaning. 69 
Experimental Methods
Samples
Six mineral oxides samples are investigated, where the probed atom is either 4-or 6-fold coordinated ( Table 1 ). The corundum sample was already used in Ref. 70 . The stishovite polycrystal comes from a high-pressure synthesis. 71 For NMR measurements, only powder samples are considered. For XANES, resorting to single-crystal samples for α-Al 2 O 3 and α-quartz allows polarized XANES measurements. For each compound, the maximum temperature explored remains below their respective phase-transition/fusion temperature.
Temperature-dependent experiments
Temperature-dependent NMR measurements are recorded at the CEMHTI (Orléans, France). The experimental acquisitions are carried out using a Bruker Avance spectrometer operating at 19.8 T (850 MHz) and a static NMR probe designed to handle high temperatures. 72 The boron-nitride (BN) sample holder is heated by a CO 2 laser. Given the sensitivity of 27 Al nucleus and the expected variations of the chemical shifts compared to the static NMR peak width, 27 Al in α-AlPO 4 is the best suitable candidate. A magic-angle spinning NMR probe is required to increase the resolution in α-Al 2 O 3 and SiO 2 polymorphs. We also present the chemical shifts of 25 X-ray absorption experiments are performed at the LUCIA beamline from SOLEIL french synchrotron facility (Saint-Aubin, France). 73 For each compound, the incident energy ranges are selected to include the K edge of either Mg, Al or Si. The experimental chamber pressure is set between 10 −7 and 10 −6 mbar. The temperature of the sample is set using a BN furnace and measured with a chromel-alumel thermocouple. The spectra are recorded in fluorescence with a four element silicon drift diode detector, protected from infrared and visible radiations by a beryllium window. To improve the signal to noise ratio, each point is obtained after an acquisition time of 5 s and several spectra are measured for each temperature. The normalization and self-absorption correction procedures are conducted as described in Ref. 25 . For α-Al 2 O 3 and α-quartz samples, the two σ ⊥ and σ polarized spectra, corresponding respectively toê parallel and perpendicular to the threefold symmetry axis of the crystals, were successively measured. Experimental Mg and Al K-edges XANES spectra in MgO and α-Al 2 O 3 , respectively, have already been published elsewhere. 25, 26 26, 74 , the remaining discrepancies between calculated and experimental slopes come mainly from deficiency of GGA. It is known that GGA slightly overestimates the interatomic distances of solids and underrates phonon frequencies. 75 In the present work, experimental lattice parameters are used to balance this effect. The use of GGA functionals more advanced than PBE might also enhance the agreement. 76, 77 Usually, a linear thermal behavior of NMR parameters is assumed. 19, 27 However, the temperature dependence of the chemical shift clearly shows two regimes. The linear correlation observed above a saturation temperature T s reflects a classical meanfield behavior of the Landau-type. 78 Between 0 K and T s a quantum saturation appears, where the chemical shift becomes inde- pendent of the temperature. Therefore, the chemical shift is fitted using
Results and Discussion
Experimental and calculation comparison
with A and B the fitting parameters, as in Ref. 79 . The resulting saturation temperatures are given in ESI. † Thereby, linear extrapolations of the chemical shifts to 0 K prove to be incorrect in inorganic materials, which confirms that temperature-dependent firstprinciples calculations are mandatory. Low temperature measurements of NMR parameters are expected to confirm this conclusion. Fig. 2 compares the experimental and calculated temperaturedependent XANES spectra at the K edge of the studied cations in oxides. The collection of XANES spectra generalizes the thermal behavior that we have already discussed at the K edge of Mg and Al in MgO and α-Al 2 O 3 in Refs. 26 and 25, respectively. With temperature the P pre-edge peak grows while the A main-edge peak intensity decreases, P shifting towards lower energies. Highenergy XANES features are continually smoothed by temperature. As observed in NMR, a saturation mechanism is also expected at low temperature. Fig. 3 displays the polarized Si K-edge XANES spectra calculated at 0 K, in stishovite and α-quartz, with all configuration spectra in background and compared to the equilibrium spectra. The latter are computed for atoms at their equilibrium positions in the 100-K XRD structure. The equilibrium calculation does not reproduce any pre-edge feature, unlike the QHA calculation. The presence of the P pre-edge peak at 0 K highlights the importance of accounting for quantum vibrations in XANES at low temperatures. Indeed, the zero-point motion, which is a pure quantum phenomenon, is sufficient to induce an s − p hybridization resulting in the P peak occurrence. Fig. 3 also illustrates the angular dependance at 0 K. In either x-ray polarization, the P-A separation is larger in stishovite than in α-quartz. Figs. 2 and 3 show that the P pre-edge-peak intensity is similar in both orientations. Thus, there is no preferential structural orientation for the hybridization from which P originates. It is therefore complicated to propose geometrical arguments explaining the hybridization process, as already exposed in Ref. 26 . The P pre-edge peak arises from a hybridization between the 3s and 3p electronic states of the absorbing atom induced by quantum vibrations. The increase of the P peak is the sign of a stronger hybridization with temperature. The energy shift is related to the band gap narrowing as temperature rises. 26 
Sensitivity to the local environment
The QHA model provides a satisfactory agreement between calculations and experiments that allows us to perform predictive computations when experimental data were not measured. Fig. 4 compares the calculated NMR chemical shifts for the cations in 4-fold (red triangles) and 6-fold coordinations, in the QHA model (full symbols) and by accounting for thermal expansion only (TEO, empty symbols). Opposite trends of QHA calculations are observed according to the coordination number of the probed cation. For 6-fold coordinated cations, the QHA corrected chemical shift increases with temperature, whereas it decreases for 4fold coordinated ones.
QHA and TEO calculations present distinct trends according to the cation coordination. For tetrahedral sites, QHA and TEO calculations give a decreasing chemical shift with temperature, with very similar slopes in the linear regime. On the other hand, in octahedral sites, there is an important deviation between QHA and TEO calculations, resulting in an increase of the QHA-calculated chemical shifts with temperature. These observations illustrate the competition between the nuclear dynamics and the thermal expansion. Nuclear dynamics is negligible compared to thermal expansion for 4-fold coordinated cations, whereas nuclear dynamics is the major component for 6-fold coordinated cations, and induces an increase of δ iso experimentally observed in MgO. This phenomenon probably originates from the local symmetry differences. Indeed, the bond lengths are longer in an octahedron than in a tetrahedron, giving more freedom to the 6-fold coordinated cations. For example, an analysis of the configurations at 300 K shows an average 0.07 % off-center displacement in octahedra, whereas it reduces to 0.04 % in tetrahedra. No significant variation in angles is observed.
It has already been observed that the chemical shift decreases when the cation-O bond length i.e., the tetrahedral volume increase. 80 Red triangles represent the cation in tetrahedral environments, the full and empty symbols correspond to the QHA and TEO (thermal expansion only) calculations, respectively. The dashed lines are the best fits using eqn (11) . Saturation temperatures, T s , are given in ESI. † rounded by different atom-type neighbors.
In XANES spectroscopy, the temperature-dependence is also sensitive to the probed cation coordination number. For octahedral environments, earlier studies demonstrated that the P peak observable at the K pre-edge of light-cation XANES spectra orig- inates from 1s to 3s-like transitions allowed by s − p hybridizations induced by quantum vibrations. 17, 25, 26 The appearance of the P pre-edge peak at the K edges of atoms in tetrahedral environments shows that a similar mechanism occurs, but some distinctions are observed between the 4-and 6-fold cases. Fig. 2 shows that at the K edge of 4-fold coordinated atoms, the A peak energy position is systematically located at lower energies than for 6-fold coordinated cations. This well-known phenomenon is commonly used to identify chemical environments in unknown species. [83] [84] [85] The P pre-edge peak is less discernable in tetrahedral symmetry given that the P-A energy distance is only about 1.8 eV while in octahedral symmetry it is about 2.5 eV. The experimental P energy variations as a function of temperature are displayed in Fig. 6 . When the probed atom lies in an octahedral site, the P peak shifts towards lower energies are larger than in tetrahedral sites. These shifts can be related to variations of elec- tronic band gaps with temperature. Using optical measurements, the electronic band gap was found to decrease by 0.91 eV in MgO, 1.0 eV in Al 2 O 3 and only 0.78 eV in MgAl 2 O 4 , where cations are both 4 and 6-fold coordinated. [86] [87] [88] 
Quadrupolar coupling constant in temperature
In quadrupolar nuclei, quadrupolar interaction between Q nuclear quadrupole moment and the electric-field gradient at the nucleus generated by the other charges in the system must be taken into account. Hence, there is much structural information to be obtained from the C Q quadrupolar coupling parameters. The computed C Q for quadrupolar nuclei ( 25 Mg, 27 Al and 17 O) are reported in Fig. 7 . In the equilibrium configuration of MgAl 2 O 4 and MgO, the 25 Mg C Q vanishes due to symmetry arguments. 89 In MgO, the dynamic disorder induced by quantum thermal vibrations does not produce any quadrupolar coupling, whereas in MgAl 2 O 4 the C Q varies with temperature, as observed for all other nuclei. This observation provides an explanation of the overestimation of the 17 O-C Q in equilibrium calculations. 90 The temperature-dependence of quadrupole resonance frequencies was investigated in the 1950s by nuclear quadrupolar resonance measurements of 35 Cl in KClO 3 and 63 Cu in Cu 2 O. 91 The observed trends were explained by a dependence to the volume variation and strain deformations induced by thermal vibrations. By describing vibrations at the quantum harmonic level with analytical expressions, Wang 92 showed that when the vibration amplitude increases, the quadrupolar coupling decreases. However, the present calculations prove that theses trends are not systematic. Moreover, the computation of the quadrupolar coupling of deuterium in hydrogen-bounded compounds using Car-Parrinello molecular dynamics 93 demonstrated that, in some cases, the unexpected augmentation of the quadrupolar coupling arises from anharmonic vibrations. 68 
Conclusions
The combination of experimental and theoretical investigations permits to investigate the effect of temperature on NMR and XANES spectra of light-element oxides. The presence of the preedge peak in the K-edge XANES spectra and the variations of NMR resonance values are relevant signatures of the influence of quantum thermal vibrations. These observations result from both contributions of thermal expansion and quantum nuclear vibrations. In both cases, the experiment-calculation agreement is very good.
In NMR, linear extrapolations to 0 K are inappropriate to predict temperature-dependent NMR parameters. Thus, thermal effect must be considered using a relevant theoretical methodology even at low temperatures. This is a crucial issue as with the extension of variable-temperature XANES and NMR measurements, such as in the field of catalyst, it is mandatory to discriminate features coming from thermal vibration effects than from the reaction itself.
In XANES, an unexpected pre-edge peak is observed at the K edge of light cations. This feature originates from electronic transitions allowed by s − p hybridizations induced by quantum vibrations. The presence of such feature starting from 0 K high-lights the importance of quantum vibration effects in XANES spectroscopy.
The influence of the local symmetry of the cation on the occurrence of thermal effects is brought to light. In both techniques, the impact of vibrations is more important when the probed atom lies in an octahedral environment. In XANES, the additional pre-edge features and energy shifts are stronger and in NMR, the chemical shifts deviate greatly from the thermal expansion scheme in 6-fold coordinated compounds. On the other hand, experimental data are dominated by lattice thermal expansion in tetrahedral environments.
Further experimental measurements are expected to assess the NMR and nuclear quadrupolar resonance predictive calculations provided in this paper. As it is, this methodology is perfectly suitable to investigate more complicated systems such as zeolites or hybrid materials, of interest for physicists, chemists and Earth scientists. 
